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Introduction
The use of molecule-based spin-crossover materials [1] [2] [3] [4] as switchable components in macroscopic and nano-scale devices is well-established. [4] [5] [6] One of the challenges for the development of these applications is the small number of known compounds with technologically favorable switching properties; that is, with spin-transitions centered at room temperature with 30-50 K thermal hysteresis. [7] [8] [9] The design of new spin-transition materials de novo is a challenge of molecular crystal engineering, that still remains to be solved. Progress towards that goal is hindered by the limited number of structure:function correlations that have been established in spin-crossover crystals, which can be generalized to a range of materials. 10 We have previously proposed one such relationship between a spin transition and crystal lattice in a molecular material, in a number of [Fe(1-bpp) 2 
11,12
These exhibit spin-transitions that vary in temperature but are very similar in appearance, each taking place abruptly with a small (2-3 K) thermal hysteresis loop. 12, 13 The consistent form of the transitions is retained whether or not the materials undergo a change in crystallographic symmetry during the spin-state change. Although they are not isostructural, the compounds all adopt different forms of the "terpyridine embrace" crystal packing motif, where the (idealized) D 2d -symmetric cations associate into layers through interdigitation of their pyrazolyl arms.
14 Neighboring cations within the layers interact strongly, through face-to-face and edge-to-face … interactions between their pyrazolyl rings. However, intermolecular interactions between the layers are much weaker van der Waals contacts. This led us to suggest that the consistent spin-crossover cooperativity we observed for this lattice type is transmitted through the material in two dimensions, within the terpyridine embrace layers.
precursors. 17 Although this published method still gave a 1-bip derivative as the major product, we reasoned the milder conditions might give higher yields of the thermodynamically disfavored 2-bip isomer. 18 In this way we have now achieved the synthesis of 2-bip, as well as obtaining the unsymmetric derivatives 2-{indazol-1-yl}-6-(pyrazol-1-yl}pyridine (1-ipp) and 2-{indazol-2-yl}-6-(pyrazol-1-yl}pyridine (2-ipp) in useful quantities for the first time. 15 We report here the synthesis of these ligands, and an investigation of their iron(II) complex chemistry.
Experimental
Unless otherwise stated, all reactions were carried out in air using as-supplied AR-grade solvents. All reagents and solvents were purchased commercially and used as supplied. Solid NaH (60 wt % in mineral oil; 0.85 g, 21 mmol) was added slowly to the stirred solution and the mixture was stirred for a further 20 mins while keeping the temperature under control.
Syntheses of 2,6-bis-(indazol-
2,6-difluoropyridine (0.80 g, 7.0 mmol) was then added to the suspension, and the mixture was stirred at room temperature for 2 hrs. Quenching the reaction with water (400 cm 3 ) afforded an off-white precipitate, which was collected by filtration and dried in vacuo. The crude product contains 1-bip, 1,2-bip and 2-bip which were separated by repeatedly washing the mixture with diethyl ether at room temperature. The contents of each washing were monitored by thin-layer chromatography; early fractions contain predominantly 1-bip, contaminated with ≤10 % 1,2-bip, while pure 1,2-bip was obtained in later fractions. The solid residue, when the other components had been removed, contained pure 2-bip. If required, the separated ligands were recrystallized from dichloromethane/pentane. Yields: 1-bip 0.63 g, 29 %; 1,2-bip 0.52 g, 24 %; 2-bip 0.48 g, 22
%. Analytical and spectroscopic data for 1-bip and 1,2-bip were consistent with literature values. 15, 16 Crystal structures confirming the identities of all these isomeric products are presented in the Supporting Information. syringe. The temperature was lowered to 0°C, and 1H-indazole (2.4 g, 20.6 mmol) was added in small portions over a period 1 hr. Once H 2 evolution had ceased, the contents of the vessel were allowed to warm to room temperature and stirred for a further 16 hr. Water was then added dropwise to slowly quench the mixture, which was then diluted to 150 cm 3 with additional H 2 O.
The off-white precipitate was collected and washed with H 2 O. After overnight desiccation, the two products were isolated by flash silica column chromatography (CH 2 Cl 2 eluent). atmosphere. 1H-pyrazole (0.47 g, 6.83 mmol) was added to the stirring suspension gradually.
After the gas evolution subsided, 2-fluoro-6-(indazol-1-yl)pyridine (1.17 g, 5.47 mmol) was added and the mixture was stirred for 5 hrs. 
Single crystal X-ray structure determinations
Diffraction data were collected with an Agilent Supernova dual-source diffractometer using Table 1 , while data for the uncomplexed ligand structures are in the Supporting Information.
All the structures were solved by direct methods (SHELXS97 19 ), and developed by full leastsquares refinement on F 2 (SHELXL97 19 ). Crystallographic figures were prepared using X-SEED. 20 Unless otherwise stated, all non-H atoms in the structures were refined anisotropically, and C-bound H atoms were placed in calculated positions and refined using a riding model. ions, one of which is disordered; one C 2 -symmetric half anion; and, one disordered, half-occupied anion that spans a crystallographic inversion center.
Refined restraints were applied to the B−F and F...F distances in the disordered anion sites.
Chloroform was also clearly present in the Fourier map, which was however poorly defined and badly disordered. This was therefore treated using a SQUEEZE analysis, The chloroform solvent site was fully occupied at 120 K but only ca. half-occupied at 340 K, implying slow loss of solvent from the crystal during the data collection. All fully occupied non-H atoms, plus the disordered anions in the low temperature structure, were refined anisotropically.
No disorder is present in the refinements of 
Other measurements
Elemental microanalyses were performed by the University of Leeds School of Chemistry microanalytical service. Electrospray mass spectra (ESMS) were obtained on a Bruker
MicroTOF spectrometer, from MeCN feed solutions. All mass peaks have the correct isotopic distributions for the proposed assignments. NMR spectra were obtained using a Bruker Avance 500 FT spectrometer, operating at 500. . X-ray powder diffraction measurements were obtained from a Bruker D2 Phaser diffractometer, using Cu-K  radiation ( = 1.5419 Å).
Magnetic susceptibility measurements were performed on a Quantum Design VSM SQUID magnetometer, in an applied field of 5000 G and a temperature ramp of 5 Kmin . Diamagnetic corrections for the samples were estimated from Pascal's constants; 22 a previously measured diamagnetic correction for the sample holder was also applied to the data. Magnetic susceptibility measurements in solution were obtained by Evans method using a Bruker Avance500 spectrometer operating at 500.13 MHz.
23
Tetramethylsilane was added to all the solutions as an internal standard. A diamagnetic correction for the sample, 22 and a correction for the variation of the density of the solvent with temperature, 24 were applied to these data.
UV/vis spectra were measured using a Perkin Elmer Lambda900 spectrophotometer.
Fluorescence measurements under ambient conditions were obtained using a Horiba Fluoromax 3 fluorimeter, with constant slit widths of 2 nm. A range of excitation wavelengths was sampled, and the data quoted are for the excitation wavelength that led to the most intense emission for each compound. The sample concentrations for the fluorescence spectra were 2.8 x10
(ligands) and 1.0 x10
(complexes).
Results
Reaction of 2,6-difluoropyridine with 2 equiv indazole in the presence of NaH, in dmf at 298 K, affords a mixture of 1-bip, . These crystals contain the expected six-coordinate dication, which is low-spin at 100 K according to its metric parameters ( Fig. 1 and Table 2 ). The diffraction quality of the crystals reduced significantly at higher temperatures, but a less precise refinement at 200 K also demonstrated a low-spin iron centre.
The crystals adopt a version of the terpyridine embrace structure in the space group P2 1 /n, with the interdigitated cation layers parallel to the crystallographic (010) plane (Fig. 2) is a typical terpyridine embrace crystal. The interdigitated cations interact with each other through face-to-face … interactions (interplanar spacing 3.4 Å at 100 K) and edge-to-face C−H… contacts (C… distances 3.7-3.8 Å). Displacement ellipsoids are drawn at the 50 % probability level, and H atoms have been omitted.
Color code: C, white; N, blue; Fe, green. , S = 59 Jmol
). These thermodynamic parameters are typical for first order spin-transitions. 31 Notably, although its hysteresis is wider, the overall midpoint X-ray powder diffraction on 3[BF 4 ] 2 ·2MeNO 2 , that had been exposed to air, showed it to be poorly crystalline at 298 K which is consistent with solvent loss from the sample. The peaks in the powder pattern still showed a reasonable match with a simulation from the 200 K crystal structure, however. Repeated measurements indicated the sample was undergoing a slow transformation inside the diffractometer to a new phase, which was obtained in pure form by annealing at 340 K for 30 mins. Once formed, this new phase was stable at room temperature for at least a period of hours. Hence, the spin-crossover-active phase of 3[BF 4 ] 2 is not isostructural with the crystalline solvate, although it is likely to retain the interdigitated layers found in the terpyridine embrace structure (Fig. 2) .
Only (Fig. 3) is not an inherent property of the complex, and can be attributed to the terpyridine embrace lattice structure adopted by that crystal phase. 2 •MeNO 2 are isostructural, and contain the expected six-coordinate cation which is low-spin at 120 K (Fig. 7) . Bulk samples of both salts are also low-spin in the solid state at room temperature. This can be attributed to a short intraligand steric contact between the pyridyl H3 and indazolyl H7 atoms, which are only 2.1 Å apart in the structure refinements (Fig. 7) . These H…H contacts are oriented to disfavor the lengthening of the Fe−N bonds, that is a pre-requisite for spin-crossover. The same steric consideration also imposes a low-spin configuration onto 1X 2 , highlighting the intra-ligand H…H contact that imposes a low-spin state onto the iron center. Color code: C, white; N, blue; Fe, green. (Å, deg). The atom numbering Scheme is shown in Fig. 7 . Other details as in Table 2 . (Fig. 9 ). However, a strong  * band near 325 nm is more intense in the high-spin complexes than in the low-spin ones, reflecting the stronger absorptions exhibited by indazol-2-yl substituents in this region compared to indazol-1-yl groups. (Tables S6 and S7 ).
The fluorescence of the complexes was measured in MeCN, for solubility reasons (Fig. 9) . (Fig. 9) . Notably the shifts in all these ligand-based emission envelopes upon complexation to iron, resemble the effects of protonation of 1-methylindazole (suppression of low-wavelength emission components and enhancement of higher wavelength bands) or 2-methylindazole (a small red-shifting of the emission maximum, with no other change in the band shape). 36 Although they should be interpreted with care since they were measured under aerobic conditions, the relative fluorescence intensities for the complexes follow the order system, which lacks this feature, is a more reliable testbed to rationally deconvolute the structure:function relationships in this type of compound. This observation has consequences for the design of fluorescent spin-crossover compounds, which have been pursued by several groups with mixed success. [40] [41] [42] [43] [44] [45] [46] The strongest coupling between spin-crossover and emission has been achieved using remote fluorophores tethered to iron complex centers, either in individual molecules 40, 41 or more complex nanostructures. 42, 43 This antenna effect may be a more promising approach towards multifunctional fluorescent switches, than compounds where the emissive group is directly ligated to the iron center as in this work.
Conclusions
A new synthetic protocol, employing milder reaction conditions than in earlier reports, 15, 16 has allowed all the isomers of 2,6-di(indazolyl)pyridine (bip) and 2-(indazolyl)-6-(pyrazolyl)pyridine (ipp) to be isolated for the first time. These are annelated analogues of the well-known ligand 2,6-bis{pyrazol-1-yl}pyridine, whose iron(II) complex is an important spin-crossover compound. This is attributed to conformational rigidity of the ligands, enforced by an intra-ligand steric contact between indazol-1-yl and pyridyl C−H groups (Fig. 7) . 
